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the  I-V  slippe.  These  results  are  consistent  with  our  earlier  reports  on  degraded  devices, 
and  with  the  space  charge  limited  current  model  for  emission  from  electrodes. 

X7R  chips  with  no  internal  electrodes  exhibit  both  ohmic  and  super-ohmic  character¬ 
istics,  with  activation  energies  independent  of  voltage.  The  super-ohmic  is  ambient 
dependent;  the  ohmic  region  is  not.  This  indicates  the'' importance  of  electrode  dominated 
injection  at  higher  voltages.  These  measurements  are  correlated  with  those  from  similar 
internally  electroded  chips.  It  is  proposed  that  space  charge  limited  electron  current 
controls  the  steady  state  leakage  current  for  X7R  capacitors  above  roughly  1  volt  bias. 

-.A  nearrexponential  rate  of  current  increase  with  time,  accompanied  by  a  linear 
decrease  in  was  seen  for  both  X7R  and  Z5U  capacitors.  The  current  increase  for  the 
Z5U  could  be  reversed  for  a  time  by  changing  polarity , 'with  degradation  ensui  ng.  This 
cyclical  phenomenon  is  attributed  to  the  movement  of  a  lcjw  resistivity  front  across  the 
ceramic  laver. 
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1 .  INTRODUCTION 


The  objectives  of  this  program  are  to  study  leakage  currents  in  MLC 
capacitors  and  capacitor  related  ceramic,  and  to  try  and  understand  what 
controls  the  current,  and  causes  it  to  increase. 

During  the  first  year  of  our  work,  we  modelled  the  leakage  current 
for  X7R  devices  on  space  charge  controlled  emission  from  non-planar  elec¬ 
trodes.  Thermoelectric  studies  on  X7R  chips  indicated  that  carrier  con¬ 
centration  and  mobility  both  increase  for  reduced  ceramic,  with  activation 
energy  being  largely  due  to  mobility.  Activation  energies  decreased  for 
degraded  devices. 

During  this  year,  we  have  made  an  effort  to  better  understand  the  role 
of  grain  boundaries  from  an  electrical  viewpoint,  and  how  these  could  control 
activation  energy  and  current.  There  is  much  literature  related  to  grain 
boundary  controlled  currents  for  other  devices,  where  current  is  a  key  output 
parameter  (which  it  is  not  for  an  MLC  capacitor,  except  in  the  context  of 
degradation) .  The  importance  of  grain  boundaries  in  current  transport  is 
reviewed,  and  measurements  made  on  MLC  devices  are  reported.  There  are 
striking  similarities  between  the  leakage  current  properties  of  barrier  layer 
and  COG  capacitors,  and  those  of  various  other  poly  crystalline  devices. 

Last  year  we  proposed  the  Importance  of  electron  injection  from  electrode 
which  resulted  in  space  charge  limited  currents.  We  have  extended  these 
studies  to  X7R  chips  with  no  internal  electrodes,  and  have  been  able  to 
separate  the  ohmic  and  super-ohmic  regimes  of  current.  The  latter  current 
is  similar  to  that  seen  for  X7R  capacitors,  is  dependent  on  ambient,  and  is 
dependent  on  the  metal-ceramic  interface.  The  distinct  ohmic  region  is  not 
seen  in  actual  capacitors,  due  to  the  thinness  of  the  dielectric;  space  charge 
current  dominates  for  all  voltages  over  about  1  volt. 


The  results  reported  below  have  enhanced  the  possible  role  of  grain 
boundaries  as  being  major  factors  in  MLC  ceramic  resistance.  These  results 
also  confirm  the  significance  of  the  metal-ceramic  interface  with  respect 
to  leakage  current. 

Additional  participants  in  this  program  include  H.  Y.  Lee,  K.  C.  Lee, 
J.  N.  Schunke  and  S.  Agarwal. 
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RESULTS  AND  DISCUSSION 


2 . 1  ROLE  OF  GRAIN  BOUNDARIES  IN  MLC  CAPACITOR  LEAKAGE  CURRENTS 

It  is  known  that  grain  boundaries  (GB)  control  charge  transport  in 
several  types  of  polycrystalline  materials  and  devices.  These  include 
pc>ly-Si^ ,  ZnO  varistors  BaTiO^  based  thermistors^^,  grain  boundary 
capacitors^  and  thin  film  solar  cells.  ^  Since  currents  are  controlled 
by  CB  in  these  cases,  so  is  leakage  current  degradation,  since  current  is 
an  important  output  parameter  for  all  of  them.  A  pertinent  question  there¬ 
fore  is:  What  roles,  if  any,  do  GB  play  with  respect  to  insulation  resistance 
and  its  degradation  for  multilayer  ceramic  capacitors? 

We  have  addressed  this  question  by  reviewing  published  reports  for  the 
other  types  of  polycrystalline  devices,  and  then  applying  these  analyses  to 
MLC  capacitors.  Some  background  information  is  first  given  below,  followed 
by  a  discussion  of  the  measurements. 

Impedance  of  a  GB  to  current  flow  is  caused  by  a  potential  spike  (in  the 
conduction  band  for  electrons  or  the  valence  band  for  holes)  due  to  charge  at 
the  GB.  In  an  n-type  semiconductor  or  semi- insulator ,  this  charge  consists 
of  electrons  trapped  at  the  GB,  with  an  equal  and  opposite  charge  induced  in 
adjacent  layers.  Additional  charge  can  arise  from  electrons  trapped  while 
traversing  the  GB  under  biased  conditions,  from  a  discontinuity  in  the  normal 
component  of  polarization,  and  from  trapped  ions.  The  latter  two  sources  of 
charge  can  be  compensating  as  well,  reducing  the  net  charge  at  the  GB. 

Several  possible  types  of  GB  potential  energy  diagrams  are  shown  in 
Figure  1.  Any  of  these,  and  other,  could  pertain  to  MLC  capacitors. 

The  most  common  depiction  of  a  charged  GB  is  shown  in  Fig.  la,  where 
negative  charge  Q  trapped  at  the  GB  equals  induced  positive  charge  in 

(>D 

adjacent  regions.  The  barrier  height  4>  at  zero  bias  is  given  by 

B 
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0.)  APn  =  0  ;  Qgb  =  ^ngb 

Homogenous  grains 


-Qgb 


Examples:  poly-si  thin  films 


APN  s  Q  ;  Nqb  s  0 


C)  APn  =  NGb  5  0 
''  (  Flat  bands  ) 

Example:  reduced 
poly-si 


Figure  1:  Grain  boundary  (GB)  potential  energy  diagrams,  for 

a)  negative  charge  trapped  at  GB,  b)  normal  polarization 
discontinuity,  and  c)  no  charge  at  or  near  GB. 


lVV  0)  CB0  2e 


where  =  donor  density  in  the  grains 

N  =  density  of  filled  states  in  the  GB 

(jB 

W  =  width  of  space  charge  region 

The  grains  are  assumed  to  be  homogeneous  in  this  case.  Examples 

where  this  model  is  often  applied  are  poly-Si,  thin  films,  and  varistors. 

Another  source  of  GB  potential  barrier  is  charge  resulting  from 

spontaneous  polarization  discontinuity,  as  illustrated  in  Fig.  lb.  Here  the 

GB  state  density  is  assumed  zero,  and  GB  charge  is  due  solely  to  AP^,  the 

discontinuity  in  the  normal  component  of  polarization  P^,  across  the  inter- 

2  * 

face:  =  AP^  (coul/m  )  .  The  potential  is  linear  because  the  only  charge 

resides  at  the  GB.  One  model  where  this  type  of  charge  density  is  used  is 
that  for  the  low  temperature  (high  conductivity)  region  of  BaTiO.,  based 

■J 

thermistors . 

If  there  is  no  charge  in  the  GB  region,  then  Poisson's  equation  dictates 

that  the  bands  be  flat,  as  shown  in  Fig.  lc.  Thermal  emission  of  carriers 

across  the  GB  is  not  impeded  in  this  case,  which  is  therefore  analogous  to  a 

single  crystal.  There  are  some  pertinent  polycrystalline  cases  that  are 

modelled  on  Fig.  lc:  a)  poly-Si  hydrogenated  during  or  subsequent  to  growth; 

hydrogenation  passivates  dangling  bonds  at  the  GB,  and  N„_  z  0;  b)  BaTiO 

GB  j 

based  thermistor  heated  in  reducing  ambient  (H2»C0  or  NH^) ;  c)  many  other 


This  relation  comes  from  V  •  D  =  p,  which  results  in  AD^  =  p  AX.  Since 
D=e  E+P=P  for  e  >>  c  .  AD..  =  =  oAX  i  0 
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Figure  2.  Bund  diagrams  for  inhomogeneous  grain  boundaries; 

a)  high  resistance  layer  near  GB,  b)  low  resistance 
layer,  c)  presence  of  second  material  or  phase. 
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polycrvstalline  materials  (including  semiconductor  thin  films)  heated  in 


reducing  ambients. 

A  reduction  in  the  GB  barrier  height  is  desirable  if  lower  resistance 

is  desired  (such  as  for  hydrogenated  poly-Si,  for  example).  However,  this 

process  can  be  detrimental  if  high  resistance  is  desired,  and  has  been  used 

to  model  degraded  ZnO  varistors. ^  Reduced  thermal  activation  energies 

and  degraded  characteristics  can  be  attributed  to  reduced  GB  barrier  height. 

From  equation  1,  reduced  can  result  from  a  decrease  in  N  or  an  increase  in 

B  GB 

(and  from  the  temperature  dependence  of  c  in  the  case  of  the  thermistor.) 

Positive  ion  accumulation  at  the  GB  could  also  reduce  Q  and  <1  . 

GB  B 

Modelling  of  electrical  properties  and  degradation  of  GB  impedance 
depends  on  assumed  properties  of  the  GB.  The  grains  were  assumed  homogeneous 
for  the  GB  of  Fig.  la.  Other  examples  are  shown  in  Fig.  2,  for  the  following 
cases:  a)  Lower  donor  density  (NQ)  region  near  the  GB,  which  is  totally 
depleted;  b)  Higher  region  near  the  GB;  c)  second  phase  or  composition 
region  separating  the  GB.  It  is  expected  that  the  structure  of  Fig.  2a  will 
be  less  sensitive  to  applied  voltage  than  that  of  Fig.  la,  since  it  is 
"clamped"  by  the  lower  layer. 

The  GB  charge  Q  due  to  electrons  trapped  there  is  given  by 
GB 


r  E, 


QCB  °  *  i  NGB  (E)  dE  "  «»  I  NGB(E)F(E,EF)dE 


!EF 


Qru  s  (l  lN,.u(K)dE 


(  )  \ 


where 


GB  state  density  (per  eV) 
occupied  GB  state  density 


GB 

k 

ngb  = 

Sources  of  the  GB  states  N  are  lattice  mismatch  dangling  bonds 

GB 

and  interface  strain  and  defects.  Additional  sources  of  negative  charge 
are  anion  acceptors  (0  and  Cl  for  example),  cation  vacancies  (eg.  Ba 
in  BaTiO^)  and  the  normal  spontaneous  polarization  discontinuity. 

Sources  of  positive  space  charge  adjacent  to  the  GB  are  ionized  donors 
(V’"  ,  Nb+  etc.),  and  charge  resulting  from  donor  density  gradients.  This 

■k 

latter  charge  is  real  charge  independent  of  the  GB  charge,  and  has  the  form 


(x)  =  -e  kT 


2 

f  ,  1 

2  _ 

,  d  N 

d  NL 

1  D  1 

D 

N_  ,  2  2 

dx 

D  dx  Nd 

J 

_ 

(3) 


For  example,  if  increases  outward  from  the  GB,  then  a  built-in 
electric  field  normal  to  the  GB  exists,  and  the  potential  energy  decreases 
away  from  the  GB.  A  potential  hump  will  thus  exist  in  this  region,  and 
electron  flow  will  be  impeded  in  the  same  manner  as  if  the  hump  were  due  to 
negative  charge  trapped  in  GB  states.  Homogenization  of  in  this  region 
will  smooth  out  the  energy  bands  and  lower  the  resistivity.  This  may  be 
a  factor  related  to  stability  of  non-homogeneous  ceramic. 

If  charge  transport  is  controlled  by  GB,  then  the  GB  barrier  height 
can  be  deduced  from  activation  energy  E^,  using  the  relation 

<B  =  EA  +  T  3V3T  (4) 

*If  N  is  a  function  of  x,  then  the  built-in  field  E  in  1-dimension  is 
dM 

E  =  -kT  _ D  .  From  dE/dx  =  p/e,  where  p  is  the  charge  density,  we  obtain 

qh'D  dx 

equation  3. 


8 


The  temperature  correction  may  be  substantial  and  is  often  neglected 

in  the  literature.  The  magnitude  of  / 3 T  is  small  and  negative,  paralleling 

B 

that  of  the  band  gap.  (For  example,  if  3<J>  /3T  =  -2  x  10  ^eV/K  and  T  =  500K 

B 

then  a  -O.leV  correction  results,  which  is  substantial,  since  leakage  current 
varies  exponentially  with  :  ). 

D 

Changes  in  :  caused  by  applied  voltage  (i.e.  voltage  dropped  across  the 

D 

OB  space  charge,  and/or  causing  GB  state  occupation  to  change)  will  be 

followed  by  a  change  in  E  ,  since 

A 

$_(V)  =  E  ( V )  +  T  J.J_/3T  (5) 

BA  B 

and  the  temperature  correction  term  is  probably  voltage  independent.  Thus, 
with  applied  voltage,  a  decrease  seen  in  the  experimental  parameter  E  is 

A 

accompanied  by  an  equal  decrease  in  $  .  This  fact  has  been  used  to  model 

B 

GB  transport  for  poly-Si^  and  ZnO  varistors,  ^  We  propose  that  it  may 
also  apply  to  certain  types  of  MLC  capacitors.  In  this  context,  the  GB 
potential  could  not  only  effect  leakage  current,  but  a  decrease  in  <f>  with 
time  could  cause  degradation  of  the  device.  These  points  are  discussed  below 
in  greater  detail. 

The  GB  barrier  height  <f>  under  zero  bias  is  caused  by  charge  in  the 

D 

* 

GB  vicinity.  Applied  voltage  is  expected  to  change  <}>  by  two  mechanisms  : 

B 

: k 

In  a  high  resistivity  grain  material,  a  large  fraction  of  applied  voltage 

may  be  dropped  across  the  grain  itself.  This  fraction  depends  on  grain 

resistivity  and  current,  which  depends  in  turn  on  <J>  .  In  this  discussion, 

B 

we  are  considering  only  that  fraction  of  applied  voltage  dropped  across  the 
GB,  per  GB. 
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i)  ;  on  the  forward  biased  side  (negative  polarity  for  n-type  grains) 

D 

will  decrease,  similar  to  the  Schottky  diode;  ii)  additional  GB  charge, 
and  Vg  increase,  can  result  from  trapping  in  GB  states  of  carriers 
injected  across  the  barrier.  These  two  mechanisms  are  compensating. 

If  all  GB  states  are  occupied  prior  to  biasing,  then  the  bias  voltage  per 
GB  is  divided  equally  across  the  left  and  right  sides  of  the  space  charge. 


is  expected  to  decrease  as 


(6) 


where  j-  _  is  the  un-biased  barrier  height.  Thus,  is  expected  to  decrease 
BO  B 

immediately  with  voltage,  arriving  at  a  flat  band  (q>n  =  0)  condition  when 

B 

V  =  4;  /q.  If  $  ~  leV,  this  condition  could  occur  when  V  ~  4V  per  GB. 

BO  BO 

That  such  a  strong  decrease  is  not  seen  for  poly-Si  and  ZnO  varistors  (both 
of  which  have  low  resistance  grains)  indicates  that  the  second  above 
mechanism  may  also  be  present.  In  that  case,  empty  GB  states  above  E  are 
occupied  by  electrons  with  increasing  bias.  This  tends  to  increase  ,  but 

D 

is  compensated  by  an  increase  in  E  ,  <J>  remaining  essentially  constant.  This 

condition  persists  until  all  GB  states  are  full,  at  which  point  we  revert 

back  to  the  previous  case,  and  q.  rapidly  decreases  with  further  applied 

voltage.  This  type  of  behavior  is  what  is  seen  for  poly-Si  and  the  varistor, 

and  also  for  the  barrier  layer  (BL)  and  COG  capacitors,  as  discussed  below. 

Then  one  must  ask  "How  are  the  transport  equations  modelled  according 

to  this  decrease  in  a?"  For  a  Schottky  barrier  (controlled  either  by 

B 

thermionic  emission  or  by  diffusion)  the  I-V  relation  has  the  general  form 


-d>  /kT  qV/kT 

I  =  I  e  (e  -1) 

o 


(7) 
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where  I  is  a  constant  and  V  is  the  voltage  dropped  across  the  barrier. 
There  are  other  cases,  described  by  different  equations,  that  should  also 
be  considered.  Some  of  these  are:  a)  at  low  voltages,  ohmic  behavior 
is  expected  for  most  transport  models;  b)  current  may  be  controlled  by 
hopping;  c)  at  higher  voltages,  space  charge  limited  currents  (SCLC) 
may  predominate.  Even  though  these  current  types  have  different  voltage 
dependences,  they  all  commonly  depend  on  a  single  activation  energy,  E  : 

Pi 


where  B  =  constant.  can  be  attributed  to  many  mechanisms,  including 

grain  boundary  potential  (discussed  above),  hopping  potential,  band  gap, 
impurity  ionization  energy,  and  Schottkv  barrier  height  (at  a  metal-ceramic 
interface).  For  the  ohmic  and  SCLC  cases,  which  apply  to  MLC  capacitors, 
equation  8  arises  from  electron  mobility.  From  thin  film  theory^, 
effective  mobility  p  ^  can  be  expressed  as 


"off 


v  e 
o 


(10) 


where  m  =  carrier  conductivity  effective  mass.  A  similar  temperature 

dependence  applies  to  hopping  transport  of  polarons.^ 

Thus,  it  is  known  that  current  is  controlled  by  GB  for  poly-Si, 

varistors,  thermistors  and  BL  capacitors.  What  can  we  say  about  MLC 

capacitors?  To  address  this,  we  have  measured  current  and  activation 

energy  versus  voltage  for  COG  and  X7R  capacitor  types,  with  ZnO  varistors 

and  BL  capacitors  measured  similarly  for  comparison.  In  order  to  set  a 

frame  for  comparison,  the  varistor  and  BL  measurements  are  presented  first. 

Results  for  a  commercial  ZnO  varistor  are  shown  in  Figure  3.  An 

ohmic  current  region  exists  below  about  10  volts.  This  is  followed  by  a 

strongly  super-ohmic  increase,  which  is  accompanied  by  a  strong  decrease 

in  activation  energy.  The  current  increase  and  decrease  have  both  been 

[2] 

attributed  to  a  voltage  dependent  GB  barrier  height. 

* 

Similar  characteristics  for  a  BL  capacitor  are  seen  in  Figure  4. 

Three  regions  are  evident  on  the  I-V  curve:  1)  ohmic  below  about  2  volts; 

2)  sub-ohmic  from  about  2  to  10  volts;  3)  super-ohmic  above  10  volts. 

These  regions  are  consistent  with  the  voltage  dependence  EA:  constant 
below  LOV  and  rapidly  decreasing  above.  The  low  voltage  ohmic  regime  is 
expected  for  most  current  mechanisms.  The  sub-ohmic  region  has  been  reported 
for  poly-Si 1  *  ,  although  not  for  varistors  or  BL  capacitors.  Since  grain 
boundaries  of  the  Fig.  la  type  can  be  viewed  as  back  to  back  Schottky  diodes, 
the  sub-ohmic  region  represents  the  onset  of  current  saturation.  The  super- 
ohmic  region  occurs  due  to  the  rapid  decrease  of  E  (and  <f  )  above  10  volts. 

A  D 
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As  far  as  MLC  capacitors  are  concerned,  only  COG  and  X7R  types  have 


thus  far  been  measured.  There  is  a  striking  difference  between  the  voltage 
dependences  of  these  devices.  Characteristics  for  a  commercial  0.69nF 
COC  device  are  seen  in  Figure  5.  The  I-V  behavior  is  unlike  those  seen 
for  poly-Si,  varistors  or  BL  capacitors  in  that  it  consists  of  two 
distinct  linear  regions:  a  near  ohmic  region  (I  a  V^'^)  below  10V,  and 
a  super-ohmic  one  (I  u  V^’^)  above. 

The  I-V  curve  linearity  above  10V,  and  concavity  of  the  EA  curve, 
distinguish  the  COG  characteristics  from  those  of  the  varistor  and  BL 
devices.  This  could  be  due  in  part  to  the  following.: 

1)  Voltage  drop  across  the  COG  grains,  which  is  not  a  factor  for  the 
BL  or  varistor  devices.  With  increasing  current,  a  smaller  fraction  of 
voltage  is  dropped  across  the  GB  in  the  super-ohmic  region,  since 


V 


GB 


=  V 


(11) 


where  R  is  grain  resistance  and  V  is  the  total  applied  voltage  per  grain. 

u 

2)  If  the  decrease  of  is  caused  by  GB  trap  filling,  the  nature  of 

the  decrease  will  depend  on  the  energy  distribution  of  the  states.  According 
[9] 

to  one  model  ,  an  exponentially  increasing  state  density  in  the  band  gap 
(as  might  be  expected  for  a  highly  disordered  material)  should  result  in  a 
barrier  height  voltage  dependence  of  the  form 


=  A  -  B  £nV  (12) 

D 

where  A  and  B  are  material-dependent  constants.  This  is  the  approximate 
form  for  the  E  curve  for  the  COG,  which  above  10  volts,  can  be  represented 


by  the  relation 


(1.95  -  0.195£nV)eV 


Ea  =  (1.95  -  0.195£nV)eV  (13) 

A 

~EA/kT 

This  relation  resulted  from  a  measurement  of  the  equation  I  =  l^e  at 

different  voltages,  leading  to  E^tV) .  The  parameter  Iq  is  also  strongly 
voltage  dependent  (moreso  than  the  linear  dependence  on  V  expected  in  the 


ohmic  region).  This  can  be  seen  by  substituting  equation  (13)  for  E^, 
giving  (at  150°C) 


-  pr  (1.95  -  0.195£nV) 

I  =  I  e  =  B  1  V3,3  (14) 

o  o 

2 . 5 

The  experimental  voltage  dependence  for  the  COG  (above  10V)  is  I  ~  V  . 

-3 

Thus,  I  must  decrease  as  V  in  order  for  these  relations  to  be  internally 
consistent.  The  I  values  corresponding  to  the  E  curve  of  Fig.  5  above 
10  volts  do  decrease  with  voltage,  roughly  to  the  power  of  -3  1  0.5,  which 
is  in  the  expected  range.  Modelling  the  voltage  dependence  of  1^  is  more 
difficult  than  that  of  E  ,  since  each  type  of  current  will  have  a  different 
form  of  I  ,  whereas  E^  may  be  common  to  several  types  (if  EA  is  due  to  GB 
barrier  height,  for  example).  The  voltage  dependence  of  1^  may  yield  infor¬ 
mation  about  current  mechanisms,  and  will  be  investigated  in  greater  detail 
in  the  future. 

We  have  thus  established  that  activation  energies  are  strongly  voltage 
dependent  in  the  super-ohmic  current  regions  for  BL  (as  expected)  and  COG 
capacitors.  Such  is  not  the  case  for  X7R  capacitors  from  two  manufacturers, 
or  for  non-electroded  X7R  chips  from  one  of  the  same  manufacturers.  Activation 
energies  are  essentially  constant  over  the  entire  voltage  range. 

Characteristics  for  a  luF  X7R  are  shown  in  Figure  6.  The  near  1.5 
power  law  dependence  above  10V  is  consistent  with  previous  findings. 


Activation  energies  do  not  depend  strongly  on  voltage,  even  in  the  super- 


Non-electroded  chips  of  capacitor  X7R  material  2mm  thick  were  also 

measured,  using  Pt/Au  electrodes  fired  onto  the  surface.  Both  ohmic  and 

2 

SCLC  currents  are  evident,  the  latter  varying  as  -  V  (when  measured  in 
argon),  with  a  transition  voltage  of  about  400V.  (The  SCLC  characteristic 
depends  strongly  on  the  ambient,  and  is  discussed  in  a  later  section.) 

Activation  energies  for  the  chip  were  found  to  be  1.33,  1.33  and  1.31eV  at 
10,  100  and  600  volts  respectively. 

The  upper  voltage  region  of  the  chip  (400-1000V)  corresponds  to 
10-25V  for  the  capacitor  (for  equal  electric  fields),  which  fell  within 
the  range  of  measurements.  Even  though  the  chip  currents  have  some  variation 
in  the  upper  voltage  region  caused  by  the  ambient,  their  super-ohmic  nature 
resembles  that  seen  for  the  capacitor,  and  is  dependent  on  the  electrode-ceramic 
interface.  Additional  measurements  related  to  this  are  discussed  in  a  later 
section. 

It  is  likely  that  the  voltage  dependence  of  EA  for  the  varistor  and  BL 

capacitor  is  due  to  the  filling  of  energy  states  across  the  band  gaps  at 

grain  boundaries.  It  is  also  possible  that  the  E^  reduction  for  the  COG  type 

is  caused  by  a  similar  mechanism,  with  the  added  condition  that  applied  voltage 

is  divided  between  grain  bulk  and  boundary. 

The  question  must  be  asked  as  to  why  the  X7R  activation  energy  is 

independent  of  voltage.  There  are  several  possible  reasons  for  this.  The 

larger  dielectric  constant  would  result  in  a  reduced  -f  ,  since  f  varies  as 

B  B 

l/K.  The  rather  large  activation  energy  (1-1. 3eV)  would  then  be  due  to  other 

transport  mechanisms,  such  as  hopping.  Another  reason  could  be  due  to  GB 

charge  Q  resulting  from  the  discontinuity  in  spontaneous  polarization  across 

the  GB.  The  Q  would  tend  to  compensate  the  charge  trapped  in  GB  states 
P 

(()  )  at  half  of  the  GB  area,  thus  removing  the  GB  as  an  effective  source  of 


impedance.  (Such  is  the  model  for  the  T  <  regime  of  the  BaTiO^ 
thermistor.)  Again,  the  activation  energy  would  have  to  be  due  to 
other  mechanisms.  A  third  possibility  is  that  the  density  of  GB  states  is 
so  large  that  they  don't  become  exhausted  over  the  range  of  applied  voltage. 

A  fourth  possibility  could  be  a  higher  resistivity  region  (i-layer) 
straddling  the  grain  boundaries.  This  could  tend  to  clamp  the  space  charge 
region  and  *  ,  and  has  been  discussed  in  greater  detail  elsewhere  (see 
Appendix) . 

If  the  current  is  controlled  by  GB  barriers  (as  it  is  for  the 
varistor,  FTC  and  poly-Si  devices,  and  possibly  is  for  MLC  devices),  then 
the  maintainance  of  that  barrier  is  critical  for  a  stable  device.  For  the 
simplest  GB  barrier  considered  (Fig.  la),  with  <}>  given  by  eqn.  1,  degradation 
can  occur  by  two  mechanisms  (assuming  e  remains  constant) .  GB  change  can 
be  brought  about  by  heating  in  a  reducing  ambient  CO,  NH^,  etc.), 

and  by  ionic  segregation  at  the  GB.  and  <p„  are  thus  reduced.  A  second 

mechanism  is  increased  donor  density  N^. 

The  main  goal  of  this  section  is  to  raise  the  possibility,  with  some 

supporting  data,  that  GB  barriers  may  be  important  with  respect  to  insulation 

resistance  for  some  types  of  MLC  devices.  BL  and  COG  types  have  voltage 

dependences  that  resemble  those  of  known  GB  controlled  devices;  the  X7R 

does  not.  The  latter  point  has  been  addressed;  the  reduction  of  the  X7R 

E  with  time  under  stress  will  be  discussed  in  the  following  section.  Before 

leaving  this  section,  the  question  should  be  asked:  What  other  sources  of 

E  (and  <J>)  can  exist  in  MLC  devices  other  than  GB  barriers?  The  conditions 
A  B 

are  chat  a)  E^  values  lie  roughly  in  the  0.7  to  1 . 3eV  range  for  a  new 
device;  b)  E^  decreases  with  voltage  for  some  devices  (BL  and  COG)  but  not 


tor  others  (X7R  -  for  the  devices  we  have  measured);  c)  of  the  X7R 

decreases  with  time,  under  voltage  and  temperature  stress.  Two  mechanisms 
are  listed  below. 

1.  Sehottkv  type  of  barrier  lowering. 


...  =  •  _aL 
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Assuming  E  =  10^v/cm  and  t  =  10  ^ F/ cm  (COG),  barrier  height  reduction 

is  only  O.OleV,  whereas  the  actual  ;  decreased  from  about  1.6  to  0.9eV 

B 

(A;  =  0.7eV),  Sehottkv  lowering  would  be  even  less  for  a  higher  K  material 

B 

This  also  applies  to  the  Poole-Frenkel  effect  in  the  bulk. 

2.  If  the  charge  carrier  concentration  is  large  enough,  potentials 
may  be  screened.  Consider  the  potential  in  the  vicinity  of  an  electron 
trapped  in  a  neutral  region.  For  low  charge  carrier  concentration,  let  the 
ionization  energy  of  that  electron  be  E.  (this  could  also  be  a  deep  donor 
level.)  As  carrier  concentration  increases,  is  reduced  due  to  screening, 
by  an  amount 


■> 


where  is  the  Debye  length.  For  non-degenerate  statistics,  •  is  given  by 


Ko  r 
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100.  and  I 


100K,  this  tal  ft  ion  becomes 


18  —  3  0 

For  n  =  10  cm  ,  A  =  90A,  and  the  resulting  E^  decrease  is  onlv  u.i)i  i ! -eV , 
which  is  negligible.  It  is  thus  difficult  to  see  how  screening  i.'uld  be 
a  significant  factor,  especially  for  high  K  materials,  as  t'ne  device  degrades, 
and  carrier  concentration  increases.  This  discussion  als  applies  to  polaron 
hopping  potentials. 

2 . 2  DEGRADATION  OF  ACTIVATION  ENERGY 

We  have  reported,  for  a  large  number  of  degraded  X7R  devices,  that 
there  is  a  monotonic  decrease  in  activation  energy  with  the  degree  of 
degradation  (device  resistivity  at  125°C).^^  Subsequent  thermoelectric 
studies  on  similar  but  non-electroded  X7R  chips  indicated  that  decrease 
could  be  attributed  largely  to  mobility,  even  though  mobility  and  carrier 
concentration  both  increase. 

It  was  desired  to  observe  this  E.  decrease  as  leakage  current  increases 

A 

for  a  single  device.  Several  lOnF  X7R  capacitors  were  aged  at  150°C  and 
1  times  rated  voltage  (400V)  in  air,  over  a  period  of  9  weeks.  I-V  curves 
(at  150°,  from  1  to  100V)  and  values  (at  5V,  from  150  to  130°C)were 
measured  per  iod  ic.i  1  ly . 

I.eakare  current  increase  with  time  at  5V  bias  is  shown  in  Figure  7. 

The  increase  is  roughly  exponential. 

A  group  of  I-V  curves  are  shown  in  Figure  8.  A  trend  similar  to  that 
reported  earlier^  ''  for  the  set  of  degraded  X7R  devices,  is  evident:  as 
degradation  proceeds,  the  slope  of  the  I-V  curve  increases.  In  Fig.  8,  this 
increase  is  from  about  1.25  to  1.65.  (The  curve  would  eventually  become 
ohmic  if  the  test  had  proceeded  further;  this  was  not  done  for  lack  of 
t i me . ) 
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As  leakage  current  increased  with  time,  E  decreased.  This  is  shown 

A 

in  Figure  9.  The  linear  decrease  of  E  is  somewhat  striking,  with  E 

A  A 

decreasing  from  an  initial  value  1.28eV  to  a  final  value  of  0.14eV.  The 
linear  decrease  in  E^  is  consistent  with  the  exponential  increase  in  current 
(Fig.  7  and  equation  8). 

A  general  model  can't  be  proposed  from  the  characteristics  of  a 

single  device.  However,  some  comments  should  still  be  made  about  the 

decrease  of  E^  with  time  seen  in  Fig.  9  (and  the  resulting  near-exponential 

increase  in  current.)  If  E^  is  GB  controlled,  its  decrease  could  be  related 

to  some  of  the  mechanisms  mentioned  earlier  (decrease  in  N  ,  increase  in 

GB 

N^)  .  For  example,  the  total  number  of  ions  arriving  at  (or  leaving)  a  GB 
could  be  a  linear  function  of  time,  over  a  limited  time  interval.  Processes 
such  as  oxygen  ion  and  vacancy  migration,  and  barium  migration,  could  be 
factors . 

2 • 3  SCLC  IN  NON-ELECTRODED  CHIPS 

We  previously  reported  thermoelectric  measurements  made  on  non-electroded 
chips  of  X7R  material.  We  have  made  additional  measurements  on  similar 
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chips  for  comparison  to  capacitors  of  the  same  material.  Measurements  on 
both  the  non-electroded  chips  and  electroded  chips  (i.e.  MLC  capacitors)  are 
reported  below. 

Current-voltage  behavior  was  studied  using  a  3-electrode  guard  ring 
geometry.  Chip  dimensions  are  6.21  x  5.30  x  2. 18  mm,  and  Au/Pt  electrodes 
were  fired  onto  the  broad  faces.  I-V  measurements  were  made  from  10  to  1000V, 
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at  temperatures  from  200  to  350°C,  in  argon  and  air  ambients. 

The  major  points  from  these  measurements  are  summarized  below. 

(See  Figure  10) 

1.  There  are  two  distinct  regions  of  different  voltage  behavior: 
an  ohmic  region  below  about  400V,  and  a  super-ohmic  region  above  400V. 

2.  ITie  upper  characteristic  depends  on  the  ambient;  currents  increase 

wl.()  -  2.1  .  .  „1 .3-  1.7  .  .  _ 

as  ^  v  in  argon,  and  as  V  in  air.  The  ohmic  region  is 

independent  of  ambient. 

1.  Activation  energies  are  (3 .31  t  0.02)eV,  and  independent  of 
vo  1  tage . 

We  attribute  the  upper  voltage  region  to  space  charge  limited  currents 
(SCI.C) .  In  a  model  reported  ear  1  ier  1  ^  ,  the  near  3/2-power  law  voltage 

dependence  was  attributed  to  SCLC  emitted  from  electrode  asperities.  We 
proposed  there  that,  as  the  ceramic  in  the  electrode  vicinity  degrades,  a 
higher  power  law  should  evolve,  as  the  increased  ceramic  conductivity  results 
in  a  more  nearly  planar  effective  electrode. 

Hie  upper  voltage  regions  (V  >  400V)  of  Fig.  10  are  consistent  with 
a  model  whereby  current  injection  depends  on  metal -ceramic  interface  properties. 
In  these  measurements ,  this  interface  is  exposed  to  the  ambient  (through  the 
Au/I't  electrode,  which  is  oxygen  permeable).  According  to  the  above  model, 
the  I -V  slope  should  increase  if  the  near-electrode  ceramic  becomes  oxygen 
deficient.  Such  slope  increases  do  occur,  without  exception,  in  argon,  with 
the  air  ambient  always  resulting  in  the  lower  slope. 

Hie  time  dependence  of  leakage  currents,  in  air  and  argon  ambients,  are 
shown  in  figure  11,  for  two  sets  of  electrodes  (A-C  and  A-B,  as  shown  in 
Figure  121  .it  10V  (ohmic!  and  bOOV  (SCLC). 


Au/Pt  Electrodes 


Figure  12.  Guard  ring  electrode  configuration 

The  only  case  where  current  is  affected  by  the  inert  ambient  is  A-C 
at  600V. 

If  oxygen  is  leaving  the  ceramic  when  measured  in  argon,  only  a 
very  thin  region  (<  lpm)  has  to  be  affected.  That  only  a  thin  layer 
(or  even  just  the  interface,  or  the  metal  itself)  is  involved  is  substantiated 
by  two  facts: 

1.  No  change  in  current  occurs  in  the  ohmic  region,  therefore  the  ambient 
sensitive  part  is  a  negligible  fraction  of  the  total  thickness. 

2.  No  change  in  the  resistance  between  the  central  electrode  and  the 
guard  ring  (A-B  hookup)  was  evident. 

This  latter  result  is  somewhat  surprising,  since  even  though  a  thin 
low  resistance  layer  may  not  show  up  in  the  bulk  resistance,  you  could 
expect  to  see  a  detectable  change  in  surface  resistance.  Since  none  was  seen, 
Lt  must  be  proposed  that  the  current  increase  seen  above  400  volts  could  also 


be  due  Co  an  oxygen  deficient  interface,  or  even  the  electrode  itself, 

O 

with  no  change  oecuring  in  the  ceramic  (outside  of  20A  or  so  from  the 
interface) . 

It  seems  clear,  though,  that  the  high  voltage  increase  is  due  to  an 

injection  mechanism  that  depends  on  the  interfaciai  and/or  near-interfacial 

[12] 

region . 

In  order  to  check  the  validity  of  the  SCLC  model  in  the  upper  voltage 
region,  a  chip  was  polished  to  a  thickness  of  0.57  mm,  and  guard  ring 
electrodes  attached  in  the  same  manner  as  for  the  2mm  chips.  An  I-V 
characteristic  for  such  a  thinner  chip  is  shown  in  Figure  13,  measured 
in  air  and  argon  ambients. 

Current  for  the  thinner  sample  increases  by  a  factor  of  ; 5,  which 

is  expected  since  it  has  a  slightly  larger  electrode.  However,  the  ohmic 

to  SCLC  transition  voltage  V^,  only  decreases  to  250V  (from  ~ 400V) .  For 

2 

SCLC  with  planar  electrodes,  V^  should  increase  as  d  .  For  this  case,  the 

thinner  sample  should  thus  have  a  V^  of  r  25V.  However,  it  is  known  that 

the  electrode-ceramic  interface  is  not  planar.  This  is  seen  in  Fig.  14, 

where  the  surfaces  of  as  received  and  polished  chips  are  shown.  Some  rough- 

113] 

ness  is  seen  on  both,  in  varying  degrees.  According  to  SCLC  theory  , 

3/2 

the  main  condition  for  a  V  power  relation  is  that  the  anode  radius  r 

be  much  larger  than  that  of  the  emitting  cathode  (r^).  An  I-V  relation  of 
3/2 

the  torm  I  -•  KV  could  be  expected  in  both  cases,  with  K  depending  on  the 
concent ration  of  traps  in  the  band  gap,  but  independent  of  both  and  r  , 
provided  that  r  >-■  r  .  Thus,  it  is  not  expected  that  V  would  decrease  as 
rapid! v  with  sample  thickness  as  for  the  planar  electrode  case.  Additional 
.samples  polished  to  varying  thicknesses  are  being  measured  in  order  to  clarifv 
these  points. 


I-V  characteristics  for  an  MLC  X7R  capacitor  chip  made  from  the 
same*  type  of  ceramic  sheets  as  the  non-electroded  chips  are  shown  in 
Figure  15.  (These  measurements  were  not  extended  below  10V  due  to  the 
Jong  settling  times  for  the  currents.)  The  near  3/2  slope  of  these  curves 
is  as  reported  elsewhere  for  non-degraded  X7R  devices.  The  curves  are 
similar  when  measured  in  air  or  argon  because  the  device  is  buried  in 
ceramic,  thus  protecting  the  interface.  Tlie  3/2  slope  is  not  inconsistent 
with  the  upper  voltage  regions  of  Figure  10.  The  transition  to  ohmic 
behavior  is  not  evident  in  Figure  15.  From  Figure  6,  for  an  X7R  made  by 
another  manufacturer,  this  transition  appears  at  about  1-2  volts. 

There  is  another  important  correlation  between  the  X7R  chips  and 
capacitors.  The  1.25-1.5  power  dependence  seen  for  new  capacitors  (Figures 
6,  8,  and  15)  corresponds  to  the  lower  SCLC  curves  seen  for  the  chips 
(Fig.  10).  The  power  dependence  increases  (to  2 2  ±0.1)  for  moderately 
degraded  X7R  capacitors  (which  we  have  attributed  to  a  "smoothing"  of 
the  electrodes^^)  .  This  corresponds  to  the  upper  SCLC  curve  of  Fig.  10, 
for  the  chips,  which  we  Jiave  attributed  in  this  report  to  interface  effects. 

It  thus  appears  that  an  MLC  capacitor  of  the  type  shown  in  Figure  6 
operates  in  an  SCLC  regime,  when  biased  above  roughly  1  volt.  However,  the 
baseline  current  level  is  still  governed  by  ohmic  current,  or  the  nu  product. 
As  this  increases,  so  does  the  SCLC.  And  y  may  be  determined  largely  by  the 
grain  boundary  potential  f  . 
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EVIDENCE  OF  IONIC  MOVEMENT  DURING  DEGRADATION 


Some  interesting  characteristics  have  been  observed  during  lpF  Z5U 
capacitor  accelerated  degradation.  We  show  these  results  to  illustrate 
evidence  of  ionic  movement  during  degradation,  and  to  indicate  the  variability 
of  characteristics  for  devices  of  the  same  type  from  two  different  manu¬ 
facturers. 

When  tested  at  200V  (4  times  rated  voltage)  at  150°C,  devices  from  one 
manufacturer  always  proceeded  to  rapid  failure,  whereas  devices  from 
another  manufacturer  actually  improved.  This  is  illustrated  in  Figure  16. 

It  was  found  that  the  degradation  process  for  the  poorer  class  of  capacitors 
could  be  reversed  by  changing  voltage  polarity,  but  that  failure  eventually 
occurred  if  maintained  in  any  polarity  long  enough,  as  indicated  in  Figure  16. 
This  reversal  of  degradation  can  be  maintained  over  at  least  several  cycles 
of  polarity  reversal,  as  shown  in  Figure  17.  The  leakage  current  minimum 
increases  slightly  each  cycle,  so  the  process  is  not  totally  reversible. 

The  degradation  process  under  these  conditions  also  exhibits  a  near 
exponential  time  dependence,  as  shown  earlier  for  an  X7R.  The  activation 
energy  for  the  degrading  Z5U  was  also  found  to  decrease  linearly  with  time, 
as  was  the  case  for  the  X7R. 

An  interesting  aspect  of  these  measurements  is  the  cyclic  changes  seen 

in  Figs.  16  and  17.  This  is  probably  caused  by  a  low  resistivity  front 

spreading  across  the  layer,  somewhat  like  that  originallv  reported  by 

[14] 

I.ehovec  and  Shirn  lor  point  contacts.  If  it  spreads  to  the  anode,  the 

device  fails.  The  front  motion  can  be  reversed  by  changing  polarity,  but 
failure  will  occur  either  wav  because  the  process  is  the  same.  Such  a 
polarity  and  Lime  dependent  phenomena  is  indicative  of  large  scale  ionic 


larity  reve 


3. 


CONCLUSIONS 


From  the  work  performed  over  the  past  year,  we  have  concluded  the 
following: 

a)  Grain  boundaries  may  play  a  dominant  role  in  the  resistance  of 
some  types  of  MLC  devices. 

b)  Two  distinct  current  regions  were  seen  for  non-e 1 ectroded  X7K 
chips;  the  upper  region  is  attributed  to  space  charge  limited  current 
and  depends  on  the  ambient. 

c)  No  ohmic  region  is  evident  for  X7R  capacitors  above  1  volt 
because  SCLC  dominates  in  the  thinner  layers. 

d)  Leakage  current  polarity  reversal  effects  are  due  to  the  movement 


4 .  FUTURE  WORK 

Future  work  will  include  the  following: 

a)  To  continue  to  clarify  the  role  of  grain  boundaries  by  more 
extensive  measurements  on  MLC  devices,  with  comparison  to  known  grain 
boundary  controlled  devices; 

b)  Further  studies  on  polished  non-electroded  X7R  chips,  to 
determine  the  importance  of  two  parameters:  i)  degree  of  surface  roughness 
(related  to  electrode  interface),  and  ii)  sample  thickness  (to  assist 

in  modelling  the  space  charge  current). 

c)  A  galvanic  cell  will  be  setup  to  distinguish  ionic  and  electronic 
transport  numbers  for  X7R  capacitor  ceramic  (to  be  supplied  by  Corning 
Electronics) . 

d)  Transport  measurements  on  ceramic  samples  of  varying  types  of 
porosity  (to  be  supplied  by  Lehigh  University). 

e)  Measurements  and  modelling  for  PLZT  layers  of  different  thickness 
(to  be  supplied  by  Sprague  Electric). 
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Abstract 

Current-voltage  and  activation  energy  measurements 
c.*n  be  used  to  probe  grain  boundary  potentials.  A  com¬ 
mon  r.vpe  of  activation  energy  for  current  conduction  in 
a  ooiyc  rystul 1 Ine  material  is  that  due  to  the  grain 
boundary  potential  energy  barrier.  The  height  of  this 
barrier  aepends  on  occupation  of  grain  boundary  energy 
states.  Its  decrease  with  applied  voltage  accounts  for 
the  ■  urcent  breakdown  characteristics  of  polycrvstal- 
line  silicon,  and  of  ZnU  varistors.  Barrier  layer  and 
COG  .apucitor  types  exhibit  strongly  voltage  dependent 
activation  energies,  which  can  account  for  their  super- 
ohmic  current-voltage  behavior.  Activation  energies 
are  essential iv  independent  of  voltage  for  X7R  capaci¬ 
tors  and  ceramic,  even  in  super-ohmic  regions.  This 
nav  oe  accounted  for  by  several  mechanisms.  A  reduc¬ 
tion  of  the  grain  boundary  barrier  can  result  in  leak¬ 
age  current  increase  and  device  failure. 

Introduction 

for  multilayer  ceramic  (MLC)  capacitors,  activa- 
t  Ion  energy  pertains  to  the  temperature  dependence  of 
‘.•“jfOge  ■  ur rent ,  and  may  be  ascribed  to  carrier  genera- 
tKn  and  >r  transport  mechanisms.  Grain  boundaries 
;-3)  ..an  play  a  dominant  role  in  activation  energy  and 
leakage  current.  GB  potential  barriers  (specified  by 
a  barrier  neight  energy)  can  be  the  dominant  impedance 
:«>  born  electron  and  hole  flow.  This  can  be  the  case 
ter  any  no Ivcrystalline  material.  Including  thin 

barrier  layer  <BL)  capacitors  j  xl  -  pvjlycrystal- 
li re  ail  icon'""3',  and  ceramic  varistors  '  '  'and  ther¬ 

mistors  1  -•  &  * ,  Thernuii  activation  energies  for  these  de- 
vi,  L-s  can  be  attributed  exclusive!’.’  to  transmission 
ai  ro ss  G3  potential . 

■no  signature  c:  Gd  controlled  transmission  is 
a  vc ! t jge  dependent  activation  energy.  We  have  ascer- 
t  lined  that  certain  types  of  commercial  MLC  capacitor 
activation  energies  decrease  with  voltage.  GB  barrier 
Height  mu  its  dependence  on  voltage  are  reviewed  be- 
; ,'W.  Measurements  were  made  on  varistors,  boundary 
lave r .  LO<;  and  X7R  capacitors.  These  results  are  re- 
I  ilej  f  tin'  resistance  and  stability  of  MIX  capacitors. 

•  »KAIN  BOUNDARY  CONTROLLED  TRANSPORT 

Tct  j  ,>o  i  verysta  1  i  ine  material,  grain  boundaries 
van  cent  r>i  electron  transport  and  current  activation 
energy.  I  he  latter  Is  determined  bv  the  G3  barrier 
height,  which  an  be  voltage  dependent. 


Figure  1.  Grain  boundary  potential  energy  diagrams 
for  three  cases:  a)  thin  boundary  region 
with  uniform  donor  density  in  the  grains; 
b)  higher  resistivity  region  (i-iayer)  ad¬ 
jacent  to  CB;  c)  layer  of  second  material 
separartng  the  grains. 

where  iT  is  a  temperature  correction,  with  .*.  being 

-U  -.1 

negative  utd  In  the  range  -ID  to  -10”  eV'K.  The 
zero  bias  barrier  height  is  thus  somewhat  less  i sever 
al  tenths  of  an  eV)  than  the  measured  activation  ener 

«y- 

At  voltage  V  (per  grain  boundary),  we  can  likewi 
say 

■  (V)  -  E  ( V )  ^  »T  O 

8  A 


Three  GT  tvpes  are  shown  in  Figure  l  for  n-tvpe 
material.  (Similar  diagrams  pertain  t  '  p-tvpe  material, 
.>uly  band-bending  Is  in  the-  downward  direction.) 

Figure  la  shows  a  G3  with  energy  states*  (of  densi- 
tv  occupied  up  to  the  Fermi  energy  Ep.  :  ho  is  the 

GB  barrier  height  under  zero  bias  conditions,  and  X ^ 
and  tbe  space  charge  widths  t.\j  ■  Xj  under  zero 

bias).  If  thermal  activation  energy  E\  is  due  solely 
t  >  tile  GB  potential  barrier,  the  two  are  related  bv 


The  zero  voltage  barrier  height  is  given  by 


BO 


(3) 


wii~re  Np,  ana  x  are  don  »r  <:ensitv,  permittivity  md 
snoce  c.iarge  widt.  res^e.  ‘  \’t  Iv  .  Fc  r  cLar:e  neotruii 
a:.;)x  -  qllcB  -  \y&  c.nl-'  boundary 

state  density  (here  assumed  uniform).  Thu^,  : gQ  can 
be  written  ,  , 


*3r  ^eP^n^s  °n  ‘-B  parameter  iN  and  two  grain 

parameters  ^  and  .  This  tvpe  or  grain  boundary  per¬ 
tain*  to  r»te  poly-Si  and  BaTit)  based  thermistor. 

rh»‘  barrier  of  rig.  lb  is  similar  to  Chat  of  la 
except  ii,  i?  there  is  x  higher  resistance  region 
<  Intrinsic,  or  i- lover)  near  the  GB.  One  consequence 
>r  : he  i-laver  is  that  space  charge  width  may  be  clamped 
at  a  ' i •  * j r  1  ■.  ,  .mstant  value,  independent  ot  voltage, 
t'h  i  h  will  He  discussed  further  in  the  context  of 

"K  measurements. 

i:\  Figure  1c,  a  thin  layer  of  second  material 
exists  between  the  grains.  (This  can  be  a  2nd  phase  or 
i  different  material.)  Charge  Induced  in  this  material 
depends  on  interface  states,  resistivity  and  energy 
hand  o trimeters.  This  structure  pertains  to  the  BL 
*r- 1-  :r.*r,  and  for  small  interlayer  tmekness,  to  the 
.!:u  ■  ir  i  -*  c  »r . 

Figure  2  shows  a  GB  when  under  voltage  bias.  (This 
(•11  'ouid  be  one  of  several  existing  in  series  across  an 
MLC  capacitor  layer.  Voltage  drop  across  the  bulk  of 
the  grain  Is  neglected.) 


:igur"  -.  Voltage  V  across  a  GB.  V*V.+V’  and  x.  and 

i  ~  l 

x are  space  charge  widths  on  the  two  sides. 

Unbiased  conduction  band  edge  is  shown  as 
dashed  lines. 

ir.'  -  cn«  erned  with  the  GB  barrier  height  ‘  and 

B 

how  !  t  is  effected  bv  GB  state  filling  and  applied  voi- 
t*ge.  The  specific  mode  of  current  is  not  of  prime 
MieeT"  1  ie.  ohmic,  thermionic,  Schotfky  etc.)  since 

all  tv pcs  will  be  effected  bv  *  similarly. 

n 

Zero  Si  is  barrier  height  *  (Fig.  la)  exists 

BU 

because  of  negative  charge  trapped  at  the  GB ,  and 
equal  Positive  charge  induced  in  adjacent  depleted 
regions.  The  voltage  dependence  of  (Figure  2)  will 

depend  » va  j  1  ah  i  li  tv  of  additional  >B  states  which 

can  '.rat'  electrons  when  a  voltage  is  applied.  With 
re  tar  i  *•*  •?.  state  occupation,  two  -wises  are  of 


i  is*1  1  -  MI  'States  ''ccupi-.-ri 

t*.  tlti  -  isc  all  B  states  ir-'  filled  prior  to 
•  t/f-l..  it  Ion  or  i  voltage,  and  no  e  i  •.  ::*>ns  rrr.'eiling 


across  the  GB  as  a  result  of  bias  are  trapped.  Die  bias 
increases  x0#  and  therefore  must  decrease  so  that 

total  positive  charge  remains  constant.  Thus,  Xj 
decreases  with  voltage  as  *  /  ^ 


(1 


'10  "  q''"'B0' 

and  barrier  height  decreases  as 


(5) 


*B0 


(1 


( 6 ) 


where  V  is  voltage  across  the  GB .  When  /q,  x^O, 

the  flat  band  condition  is  obtained,  and  the  barrier 
height  to  electron  flow  from  the  left  is  zero.  A  rapid 
Increase  in  current  is  expected  at  this  point,  limited 
only  bv  bulk  grain  and  contact  resistance. 


Case  2  -  Emptv  States  Above  Ep 

In  this  case  there  are  empty  states  in  the  band  gap 
above  the  Fermi  energy  E  which  are  available  tor  elec¬ 
tron  occupation.  When  such  occupation  occurs  under 
bias,  Ep  moves  up  due  to  the  increased  electron  concen¬ 
tration  in  the  GB,  and  *  is  therefore  reduced  by  the 
same  amount  (neglecting  the  small  voltage  drop  V  on 
the  left  hand  side  of  the  boundary.)  Almost  the  entire 
voltage  V  is  on  the  right  side  of  the  junction,  both  x„ 
and  the  positive  space  charge  increase,  and  x,  is  essen¬ 
tially  clamped.  If  the  density  of  grain  bounclarv  states 

near  E_  is  large,  \E_  will  be  small  («  E  ) .  Barrier 
r  r  r 

height  voltage  dependence  as  GB  states  are  filling  is 
then 


'B(V>  ’  C  * B0~“EF 

and  $  remains  almost  constant  since  1E_ 
B  r 


(7) 


'BO' 


This  situation  continues  as  voltage  increases 
until  all  GB  states  are  full,  and  then  reverts  back  to 
case  1:  due  to  charge  neutrality  the  total  depletion 
Layer  width  is  clamped,  and  the  barrier  to  electron 
flow  from  the  left  rapidly  collapses,  with  a  concomitant 
increase  in  current. 


Examples  of  such  voltage  dependent  decreases  in  GB 
barrier  heights,  and  resulting  increases  in  current, 
have  been  established  for  poly-Si and  £n0  varis¬ 
tors  .  ( '  ^ 


MEASUREMENTS  AMD  DISCUSSION 

It  is  known  that  the  most  widely  used  types  of  MLC 
capacitors  (Z5U,  X7R,  COG  for  example)  exhibit  super- 
ohmic  currents.  As  noted  above,  such  increases  in 
current  seen  for  poly-Si  and  varistors  can  be  modelled 
on  increased  transmission  over  GB  barriers.  Can  a 
similar  model  pertain  to  anv  type(s)  of  MLC  capacitor^ 
For  which  MLC  types  are  activation  energies  voltage 
dependent,  and  if  so,  what  Is  the  form  of  the  resulting 
current  increase? 

In  order  to  address  these  questions  we  have  mea¬ 
sured  I - V  characteristics  and  activation  energies  for 
BL,  X7R  and  COG  capacitor  types.  For  comparison,  com¬ 
mercial  varistors  were  also  measured. 

Varistor  characterise cs  are  shown  in  Figure  3. 
Current  and  activation  energy  dependences  on  voltage 
are  more  or  less  as  expec ted . ( - » ' ^  It  is  seen  that 


The  voltage  drop  V,  across  the  left  hand  (for¬ 
ward  biased)  side  cf  the  junction  is  approximate! v 
equal  t>  k  r  In  2,  which  I*;  negligible  at  normal  r*-r- 
or.itures  and  voltages. 


activation  energy  (which  is  proportional  to  GB  barrier 
height  at  a  given  voltage)  decreases  rapidly  near  the 
current  breakdown  region  of  voltage. 


Figure  ).  I-Y  and  activation  energy  characteristics 
•or  commercial  varistor. 

'j-tmer.  la!  3L  capacitors  snow  characteristics 
»■  »newn.it  similar  to  chose  of  the  varistors  (Figure  4)  . 
Three-  regions  are  evident  on  the  I-Y  curve:  1)  ohmic 
>e  L  >w  ihoijt  .  volts;  J)  sub-ohmic  region  for  2'V-IOV; 

')  *  u;>e  r-.uimi  c  for  V'l)Y.  These  regions  are  consistent 
.  it  me  shape  ot  the  activation  energv :  constant 
'  **  i .  iv  ItH  ana  rapidlv  decreasing  above.  A  low  voltage 
ohmic  region  is  expected  for  most  current  mechanisms 
•  where  rhe  voltage  per  GB  is  less  than  kT/q)  .  The 
sub-ohmic  region  has  been  predicted  and  reported  for 
rhe  polv-Si  rase/^  although  not  reported  for  varis¬ 
tors.  Since  the  grain  boundaries  can  be  viewed  as 
back-to-back  Schottky  diodes,  the  suh-ohmlc  region 
represents  a  partial  current  saturation  similar  to  the 
total  saturation  for  a  Schottky  diode  In  reverse  bias. 
The  degree  of  saturation  (le.  of  sub-ohmic  1 ty )  should 
depend  strongly  on  donor  density  In  the  grain. The 
super-ohmic  region  occurs  due  to  the  rapid  decrease  in 
activation  energy  above  10  vol^s. 

•’haracter  Is  tics*  for  a  commercial  COG  device  (C  • 

nD  are  shown  In  Figure  5.  The  I-Y  character¬ 
istic  Is  unlike  those  seen  for  polv-Si,  varistors  or 
Bl  capacitors  In  that  It  consists  of  two  distinct 
linear  regions:  a  near  ohmic  region  (I  t  below 

10 V,  and  a  super -ohmic  one  (I  i  at  higher 

voltages . 


I-V  and  activation  energv  curves  for  com 
mercial  BL  capacitor. 


YOL7.VT  ( Y  > 

I-Y  and  activation  energy  charac ter  is 1 1  i 
for  ^ nF  COG  capacitor. 


Even  though  Che  COG  activation  ener^v  does  decrease 
strikinglv  with  voltage.  It  does  so  in  a  manner  differ¬ 
ent  from  the  BL  case  or  Che  varistor.  This  could  be 
due  to  the  following: 

1 )  If  the  E^  decrease  Is  caused  bv  GB  trap  fill¬ 
ing,  the  nature  of  the  decrease  will  depend  on  the 
energv  distribution  of  states.  According  to  I.evine, 
an  exponent  la  Li v  increasing  state  density  in  the  band 
gap  (such  as  might  be  expected  for  a  highly  disordered 
material)  should  result  in  a  GB  barrier  height  that 
decreases  with,  voltage  as 

:B  -  A  -  3  In  V  (3) 

where  A  and  B  are  material  dependent  constants.  This 
Is  the  approximate  form  for  the  decreasing  E^  seen  in 

Figure  The  linear  approximation  to  the  curve  above 

10  volts  is 

Ex  -  1.95  -  0.195  In  V  (9) 

2/  The  voltage  drop  across  the  bulk,  of  the  grains 
should  ne  taken  into  account.  '.This  is  not  a  large 
correction  for  the  31.  capacitor  or  varistor  due  to  the 
low  grain  resistlvitv . )  Assuming  large  grain  resis¬ 
tivity  tor  the  •  GG ,  the  LR  drop  will  increase  with 
‘urrent,  and  the  decrease  of  E,  with  voltage  will  be 
less  severe  due  to  the  reduced  fraction  of  voltage 
supplied  to  the  GB .  This  may  also  account  for  the 
slight  cone.tvlcv  of  the  E,  curve  seen  In  Figure  5. 

\e  have  thus  established  that  activation  energies 
are  strong!*/  voltage  dependent  for  the  3L  (as  expected) 
and  GOG  capacitors  that  we  have  measured.  Such  is  not 
tne  case  for  the  X7R  type.  For  capacitors  from  two 
manufacturers,  and  for  non-elec trodes  chips  from  one  of 
me  same  nanufac turers .  activation  energies  were  found 
to  be  voltage  Independent,  even  though  currents  show 
super-ohmic  voltage  behavior. 

Characteristics  for  a  1  X7R  capacitor  are  shown 
In  Figure  *S .  The  near  1.5  power  law  dependence  above 
!  GV  i;.  on.  is  tent  with  previous  findings.1"^  Activa¬ 
tion  energies  for  devices  from  both  manufacturers  were 
lal  1  v  v.tlt.ige  independent. 

'  r  •  led  -hips  -mm  thick  of  capacitor  X7R 
m.i :  •  r  I  • ,  vt-r>-  ai->o  measured,  using  platinum/gold  elec- 
•  r  - -es  •  :  rod  rhe  surrices.  fh.es  e  hips  exhibit 

v  :  ,v*.i  *.  -m  ice  marge  :  arac  ter  is  t  i . s  ,  the  tran- 

*lt;  ig-  or  fur  ing  af  about  ■»oO  V  and  being  tern- 

erat.i*  ,  v.  u-:  on  jvn  t  .  <  >»e  Figure  " ) 

•.  rlv.«ri.»n  energies  for  the  chip  were  found  to  be 
1  .  »  . .  .  I  '>  and  .  .  U  eV  at  10,  KO  and  hOO  volts  res- 
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Figure  6.  I-V  and  activation  energy  characteristics 
for  1  _F  X7R  capacitor. 

Thus,  for  the  capacitor,  with  d  1  5  x  10  ^  cm, 
is  expected  to  be  about  0.75  V.  This  is  below  the 
minimum  voltage  (1  volt)  at  which  we  have  attempted  to 
obtain  stable  measurements  for  X7R  capacitors.  However, 
as  seen  in  Figure  o,  the  I-V  characteristic  appears  to 
be  approaching  ohmic  behavior  at  the  lower  voltages. 

True  ohmic  behavior  (I  t  V)  might  be  expected  for  this 
type  of  X7R  capacitor  somewhere  in  the  0.1-1  volt 
decade . 

The  quadratic  voltage  region  of  the  chip  (AO1'  - 
1000  V)  corresponds  to  10  to  2  5  V  for  the  capacitor 
( for  equal  electric  fields),  which  fell  within  the 
range  of  measurement  £Fig.  b) .  Why  does  the  capacitor 
current  change  as  V*-5  whereas  that  of  the  chip  goes 
as  V*?  At  present  we  feel  that  the  different  power 
low  behaviors  seen  for  the  2mm  chip  and  MIX  capacitor 
made  from  the  same  material  are  due  to  the  increased 
importance  o:  electrode  roughness  for  the  thinner 
layers  of  the  capacitor.  ( 

It  is  likely  that  the  voltage  dependence  of  E^ 
for  the  varistor  and  BL  capacitor  is  due  to  the 
filling  of  energv  states  distributed  across  the  band 
gap  at  grain  boundaries.  It  Is  also  possible  that 
the  !'  ^  reduc  tion  for  GOG  devices  is  caused  bv  a 

similar  mechanism,  with  the  added  condition  that 
applied  voltage  is  divided  between  grain  bulk  and 

boundarv . 

Whv  is  the  X7R  activation  energy  (for  samples 
ft  >m  two  manufacturers)  independent  of  voltage? 

- !  r  s  1 1  v  ,  there  mav  h*?  no  significant  GB  potential 
Virrler  In  X"R  tvpe  ceramic  to  begin  with.  This  ooul  : 

*-»•  m  inherent  rrop«Ttv  >f  the  GB  'which  is  up.Tikil", 
>;--e  charged  states  pro’ahl-  exist)  or  due  tc  tbr  fact 


e  dielectric  constant  is  larger  ror  this  material  and 

as  1  .  *  Therefore,  would  be  smaller  and 

d 

ve  ess  f  r :  •?>.  t  on  current.  The  rather  large  activa- 
•  >:;  em-rgv  -1-1.3  eV>  would  then  be  due  to  other  trans- 
rt  me-  an l sms,  such  as  hopping.  If  this  is  the  case, 
on  >ne  w.uld  not  anticipate  GB  controlled  transport 
r  ,  ^  devices,  either,  since  its  dielectric  constant 
even  larger. 


;.)o  :on< 
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c.r*-  1  ■  t.irac te r is t ics*  for  1m  thick,  non- 

troded  chip  of  K’R  capacitor  material. 

A  uni  possible  reason  for  the  :  udependence  of 
>r.  v.  Itag**  could  be  that  the  densitv  o t  interface 

a ff a  is  *5o  large  that  they  don't  become  exhausted 
nr  the  range  of  applied  voltage.  The  states  mav 
■  have  small  capture  cross  sections  for  electrons. 

Another  possible  reason  is  that  there  mav  be  a 
gher  resistivity  region  near  the  grain  boundaries, 
■■ft  the  hand  diagram  would  resemble  that  shown  ir. 

»• .  lb.  Space  charge  width  could  be  clamped,  mostly 
the  high  resistance  region.  As  electron  trapping 


\  reasonable  model  for  the  BaTIO  tvpe  thermls- 
r  is  *  used  on  the  variation  of  dielectric  constant 
th  temper  i  tur** ,  with  ’  ^  beaming  large  above  the 
rl«*  temperature  due  to  the  decrease  In  diele.  tri 
ns  rant.  See  reference  J.  a.  V«.> 


in  grain  boundaries  occurs,  positive  charge  (required 
for  charge  neutral! tv)  is  supplied  by  only  a  verv  small 
movement  of  the  space  charge  into  the  lower  resistivitv 
region  of  the  grain,  on  the  right.  The  left  hand  side 
will  not  collapse  as  rapdily  under  bias  if  it  extends 
any  significant  distance  into  the  lower  resistivity 
region.  It  is  feasible  that  if  the  resistivity  on 
both  sides  of  the  OB  is  large  enough,  :  could  remain 

o 

clamped  at  its  zero  bias  value.  This  high  resistance 
region  could  be  close  to  intrinsic  (i-layer).  The 
Fermi  energy  would  lie  near  mid-gap,  and  the  resulting 
band  bending  could  influence  the  barrier  height  more 
than  the  occupation  of  grain  boundary  states.  The 
resistivity  of  this  near-grain  boundary  i-layer  could 
thus  control  leakage  current  by  virtue  of  its  voltage 
independent  barrier,  which  would  decrease  If  the  layer 
became  semiconducting  n-tvpe  during  voltage/ temper ature 
stress.  Then  the  barrier  height  (as  reflected  in 
activation  energy)  would  decrease  and  leakage  current 
would  increase,  which  are  born  observed  for  degraded 
X7R  devices. 

It  is  worthwhile  to  examine  how  degradation  of 
ceramic  resistance  can  occur  if  that  resistance  is 
controlled  by  grain  boundaries.  We  just  mentioned  a 
possible  degradation  mechanism  for  i  GB  barrier  height 
of  the  Figure  lb  type.  How  about  for  the  Fig.  la  tvpe, 
which  is  for  homogeneous  grains?  Here  the  barrier 
height  at  zero  bias  •  7^)  is  given  by  equation  - .  It 

is  seen  that  t  can  >c  reduced  bv  two  mechanisms 
dU 

^assuming  ■  is  constant'.  -B  charge  can  be  reduced  bv 
hvdrogen  mnealing  or  inpur  i  tv  segregation  for  example* . 
drain  boundary  states  ar-.  "passivated"  and  trapped 
charge,  barrier  height  and  overall  resistance  art- 
reduced.  Another  mechanism  is  to  increase  the  donor 
density  N^.  Thus,  the  maintainance  of  a  large  ',B 
potential  barrier  can  be  <ust  as  important  as  a  low- 
carrier  concentric  ion  in  the  grain  tor  minimizing 
leakage  current. 

CONCLTS I ONS 

1.  A  decrease  in  activation  energy  with  voltage 
for  barrier  layer  capacitors  is  accompanied  bv  a  nr  id 
rise  in  leakage  current.  This  is  attributed  to  a  » ;S 
barrier  height  decrease  as  energy  states  in  the  band 
gap  at  the  GB  are  filled. 

2.  A  similar  decrease  in  for  COG  devices  is 

also  accompanied  bv  a  change  in  current  from  ohmic  to 
super-ohmic  (I  i  V*-  •  5  i .  The  decrease  in  ‘  not  as 

rapid  as  for  the  BI.  tvpe,  perhaps  due  to  the  larger 
grain  resistance  of  the  COG . 

3.  Activation  energies  for  X7K  capacitors  and 
ceramic  chips  are  voltage  independent,  even  though 
currents  become  super-ohmic.  Several  possible  reasons 
for  the  constant  E  ^  are  given  including  higher  dielec¬ 
tric  constant,  larger  densitv  of  interface  states, 
smaller  electron  capture  rate  and  the  exi stance  o:  an 
i-layer  near  the  GB. 

W.  Reduction  of  the  -R  barrier  height  hv  means 
of  energv  state  passivation  and/or  increase  in  bulk 
doner  density  will  result  in  lover  resistivitv  and 
enhanced  leakage  current. 
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